Among the many freshwater habitats occupied by the mosquitofish (Gambusia hubbsi) on Andros Island, Bahamas, are blueholes: vertical caves that filled with water as sea levels rose during the past 15 000 years. At the present time, many of the blueholes on Andros Island appear to be highly isolated habitats analogous to islands. However, geographical distance among blueholes and the geological history of bluehole formation may also affect the genetic structure of G. hubbsi populations in blueholes. Thirty-two isozyme loci in 14 G. hubbsi populations inhabiting blueholes and three inhabiting surface-water habitats were assayed to gain insight into the effects of geological history and geographical distribution on population structure. Genetic structure among populations is high and significant (F ST = 0.380.4) and Nei's genetic distance (D) is low among all populations. Although G. hubbsi populations are closely related, bluehole geology imposes significant barriers to gene flow. A pattern of isolation-by-distance was not evident in the genetic data. Furthermore, none of the bluehole populations appears to be a source from which other bluehole populations were founded. Rather, they appear to be 'sinks' into which migration may occur rarely. Genetic drift appears to have had a profound effect on allozyme allele frequencies in the G. hubbsi populations that were sampled. Local population structure measured by allozymes appears to be more heavily influenced by historical population dynamics and stochastic migration than by geographical locality or age of the blueholes.
Introduction
On Andros Island, Commonwealth of the Bahamas, the mosquitofish (Gambusia hubbsi) inhabits many aquatic habitats including freshwater blueholes. Blueholes are water-filled vertical caves formed by geological processes, such as dissolution and fracturing of the bank margin, as sea levels fluctuated historically (Mylroie & Carew, 1988 , 1997 . The depth of blueholes on Andros Island ranges from 5 m to over 100 m, and many are surrounded by stands of Bahamian pine forest. There is no flowing water on Andros except for tidal creeks. Thus, blueholes are not part of a surface-water drainage basin, and most are not connected by surface water. Rather, these caves open into the groundwater supply of the island: a freshwater lens floating on top of saltwater that permeates the foundation of the island. Because sea levels were over 100 m lower than today at the height of the most recent glacial maximum, most blueholes were dry 15 000-17 000 years ago and filled to present levels as the freshwater lens rose (Boardman et al., 1989; Fairbanks, 1989; Mylroie & Carew, 1995) . Blueholes appear to be highly isolated habitats analogous to islands, geographically isolated lakes in temperate regions or even hydrothermal vents that occur as isolated habitats at distant locations on suboceanic ridges (e.g. Black et al., 1994) . The earliest time at which fish such as G. hubbsi could have colonized a particular bluehole is determined by its depth. Thus, the temporal and geographical degree of isolation among G. hubbsi populations is well defined, and populations of G. hubbsi inhabiting these blueholes are very well suited to studies of population structure.
Because of the apparent isolation of bluehole habitats, migration among sites by G. hubbsi may be highly restricted. This and significant life history differences observed among populations (unpubl. data; Brown & Downhower, 1993) indicate that there is potential for adaptation to local ecological conditions within blueholes. However, Gambusia species in the United States are highly mobile (Wooton et al., 1988; Meffe & Snelson, 1989) . Furthermore, G. hubbsi on Andros Island are relatively common inhabitants of surface water, such as lakes, ditches and tidal creeks. Although surface water does not flow directly into or from the blueholes studied, it is close enough to some of the blueholes so that migration may occur occasionally. Thus, the degree and patterns of migration imposed on G. hubbsi by the geological characteristics of blueholes is unclear.
We were motivated by the geological and geographical characteristics of blueholes and the significant phenotypic differences among G. hubbsi populations to explore models of population structure and the extent and mode of dispersal among G. hubbsi populations on Andros Island. We focus on the following questions. (1) Are bluehole populations of G. hubbsi on Andros Island highly structured?; (2) Does the genetic structure of populations conform to a pattern of isolation-by-distance?; (3) Has the historical availability of bluehole habitats had a significant influence on the pattern of colonization? In addition to 14 blueholes, two surfacewater sites were sampled to compare levels of genetic variation and differentiation with recently derived populations of G. hubbsi not inhabiting blueholes. Genetic variation was also examined in a population from Lake Cunningham on New Providence Island, the nearest neighbouring island where migration to and from Andros Island populations has not occurred in recent times.
Methods

Collections and genetic analysis
During August 1993 and June 1994, adult G. hubbsi were collected by seining from 14 blueholes, two surface-water habitats on northern Andros Island ( Fig. 1) and from the type locality (Rauchenberger, 1989) , Lake Cunningham, New Providence Island. Depths of blueholes are from Proud-Love (1984) or were measured by drop-lines and a depth finder. Specimens were preserved in liquid nitrogen and subsequently stored at 80°C.
The anterior of each fish, including the head, liver and some of the body were homogenized in approximately 0.3 mL of buffer (0.01 M Tris, pH 7.0, 0.001 M EDTA, 1.0 mM -mercaptoethanol, 0.01 per cent Triton-X, 0.002 per cent NADP). The homogenate was extracted with 0.5 mL of toluene, spun for 10 min in a microfuge, and the supernatant was used for electrophoresis. Methods for electrophoresis were as described previously (Selander et al., 1971) using 11.5 per cent hydrolysed potato starch (Sigma Chemical, St Louis, MO, U.S.A.). Nineteen stains representing 32 presumptive isozyme loci were chosen from more than 50 stain/buffer combinations tested for consistent resolvability. The following enzymes were resolved with a continuous Tris-citrate 8.0 buffer system: aspartate aminotransferase (EC 2.6.1.1, AAT-1, -2), adenylate kinase (2.7.4.3, AK-1, -2), fructose-biphosphatase (3.1.3.11, FBP-1, -2), glucose dehydrogenase (1.1.1.118, GDH-1, -2), glucose-6-phosphate dehydrogenase (1.1.1.49, G6PD), glycerol-3-phosphate dehydrogenase (1.1.1.8, GPD-1, -2), hexokinase (2.7.1.1, HK), isocitrate dehydrogenase (1.1.1.42, IDH), L-idotol dehydrogenase (1.1.1.14, IDDH), malate dehydrogenase (1.1.1.37, MDH-1, -2), malic acid (1.1.1.40, ME-1, -2), mannose-6-phosphate isomerase (5.3.1.8, MPI-1, -2), phosphogluconate dehydrogenase (1.1.1.43, PGD), phosphoglucomutase (5.4.2.2, PGM), pyruvate kinase (2.7.1.40, PK-1, -2), superoxide dismutase (1.15.1.1, SOD). A discontinuous Poulik buffer resolved creatine kinase (2.7.3.2, CK-1, -2), glucose-6-phosphate isomerase (5.3.1.9, GPI-1, -2) and L-lactate dehydrogenase (1.1.1.27, LDH-1, -2, -3). Staining recipes for FBP, GDH and IDDH followed Murphey et al. (1996) ; LDH, PGM, and SOD followed Morizot (1993) ; and the rest followed Pasteur (1988) . A reference sample from a previously analysed population was run on each gel. In cases in which resolvability remained unclear, the locus was not scored for that individual.
Statistical analysis
Observed and expected heterozygosities were calculated with BIOSYS-1 (Swofford & Selander, 1981) using genotype frequencies. Chi-squared tests with pooling and Levene's correction for sample size (Levene, 1949) were used to test for deviations of observed genotype frequencies from expected Hardy-Weinberg equilibrium frequencies. Loci were considered polymorphic if the frequency of the most common allele was O0.95. Genetic structure was measured using F ST and (Wright, 1973; Weir & Cockerham, 1984) .
Straight-line geographical distances (km) were measured from a topographical map. The congruence between average number of migrants per generation (M ; Slatkin's analogue of Nm ; Slatkin, 1993) and geographical distances was examined using DIST (Slatkin, 1993) . The significance of the correlation was evaluated with Mantel's test and Hope's correction factor using the R PACKAGE (Legendre & Vaudor, 1991) . A genetic distance matrix was imported into MEGA (Kumar et al., 1993) to generate a dendrogram from Nei's unbiased genetic distance values (Nei, 1978) using the neighbour-joining algorithm (Saitou & Nei, 1987) .
Results
Genetic variation
Of 32 loci examined, 21 are polymorphic in one or more populations. In general, low-frequency alleles are common at many loci, whereas Me-1, Mpi-1, Pgd-1 and Pk-1 have moderate to high levels of variation. A total of 53 alleles are observed, of which 16 (30.2 per cent) are unique to a single population. Fifteen of these population-specific alleles occur at a frequency of 10 per cent. Eight populations have no unique alleles, five have one unique allele, two have two unique alleles and two have three unique alleles. Seven (13.2 per cent) of the 53 alleles are rare (frequency of O5 per cent within a population) but shared between two or three populations. Fixation or near fixation of an alternative allele is present in two cases. First, the C allele of Pk-1 is fixed in the New Providence Island population and occurs elsewhere only as a rare allele in the West Twin Lake population. Secondly, the B allele of Gpd-1 is nearly fixed in the Stalactite population and does not appear in the other populations. None of the loci are polymorphic in all populations. Four loci exhibit frequencies significantly different from Hardy-Weinberg expectations. All of these loci have rare alleles accounting for the deviation.
Summary statistics of genetic variation are given in Table 1 . Mean number of alleles per locus ranges from the monomorphic samples in NG4, Archie's and East Twin Lake to 1.3<0.01 for Ken's, 1.3<0.1 for Stalactite and 1.3<0.1 for West Twin Lake. Stalactite shows the highest proportion of polymorphic loci (17.1<0.1), and three populations have no polymorphic loci. Levels of heterozygosity measured by Nei's unbiased estimate (Nei, 1978) range from zero in the Archie's, and NG4 populations to 0.06 in the Stalactite population. Heterozygosity and percentage polymorphic loci for three populations from surface-water sites (Lime Pond, London Creek and New Providence Island) are similarly low. There is no indication that alleles in bluehole populations are a subset of alleles from populations in surface-water habitats. Values of F IS are not significantly different from zero, suggesting that inbreeding has no measurable effect on allele frequencies.
Population structure
Measures of population structure were calculated with and without the population from New Providence Island (Table 2) . Significantly different and high levels of population structure occur at 16 of the 21 polymorphic loci. A significant amount of the total genetic variation is attributable to variation among populations. A small amount of additional structure is added when the New Providence population is included in the analysis. Excluding populations from surface-water habitats on Andros Island makes no appreciable difference.
Nm, a measure of the average number of individuals exchanged between populations per generation, can be calculated as (1F ST )/4F ST . A value of Nm equal to one is sufficient, in theory, to prevent genetic differentiation by genetic drift alone (Wright, 1973) . Nm is less than one for all populations of G. hubbsi combined, with and without the New Providence sample included in the analysis (Table 2 ). Pairwise comparisons of M (Slatkin's analogue of Nm derived from ; Slatkin, 1993) between populations indicate that migration among some blueholes may be more frequent than among others (Table 3a) . This may reflect different rates of migration among blueholes at different geographical (Table 3a) . If isolationby-distance exists, a negative correlation is expected. In contrast, the correlation is positive and significant ( Fig. 2 ; r = 0.087, Mantel t = 2.65, P = 0.004). The correlation between Nei's unbiased genetic distance and geographical distance is also expected to be positive for a pattern of isolation-by-distance. In contrast, it is negative and not significant (r = 0.20, N = 91, P = NS; Mantel t = 1.06, P = NS).
Patterns of relationship and age of blueholes
Three approaches were used to determine if the patterns of genetic variation observed are consistent with the hypothesis that G. hubbsi colonized blueholes as sea levels rose. First, we examined the relationship between Nei's genetic distance ( Fig. 3a ; Table 3b ) and the expected pattern of relationship based on depth of blueholes and the geographical distance to the nearest neighbouring bluehole as each bluehole filled with water historically ( Fig. 3b ; Table 3b ). The expected relationships of populations based on the depth of the blueholes were generated by adding each bluehole to a dendrogram in the historical order that they filled with water. At each branch, the most likely source was the closest bluehole geographically. A matrix was generated from Fig. 3b representing the earliest time (depth) at which each bluehole could have been colonized by G. hubbsi from the next-deepest bluehole on the same branch of the dendrogram (Table 3b ). The M matrix and the depth matrix are not significantly correlated (r = 0.02, Mantel t = 0.22, P = NS). Similarly, the D matrix (Table 3a ) and the depth matrix are not significantly correlated (r = 0.03, Mantel t = -0.30, P = NS). Finally, a partial correlation between the depth matrix and the M matrix with geographical distance held constant was also not significant (r = 0.19, Mantel t = 1.75, P = NS). The partial correlation of the depth matrix with the D matrix holding geographical distance constant is also not significant (r = 0.51, Mantel t = 0.407, P = NS). These analyses and the general lack of correspondence between the dendrogram based on genetic distance (Fig. 3a) and depth ( Fig. 3b) do not lend support to the hypothesis that age or depth of blueholes has contributed to the pattern of genetic diversity observed among the bluehole populations of G. hubbsi. Second for each population, the average genetic distance to all other populations was calculated. If deep blueholes were colonized before shallow blueholes, the average genetic distance should be higher in deeper blueholes because they have been isolated longer. Indeed, a positive correlation is observed between the mean genetic distance and age of the bluehole (r = 0.58, P = 0.029). This correlation, however, does not distinguish between the time at which blueholes were colonized and the pattern of colonization. It indicates that deeper blueholes may have been founded earlier (shallow blueholes could not), but does not indicate that populations in deeper blueholes were the source of populations in other, shallower sites. The absence of any strong correspondence between the depth/distance dendrogram and genetic distance (see above) suggests that, in general, the populations in deeper blueholes are sinks rather than sources.
Regardless of this, some sites may have been sources for the other populations. To test for this possibility, the correlation between the genetic distance from each bluehole to all other sites and the geographical distance from that site to all others (Table 4) were examined. If any of the populations are sources from which other populations were founded, the correlation should be positive and significant. In 11 of 14 comparisons, the correlation is negative.
Third, the distribution of alleles was examined. If deep blueholes are a source from which shallow bluehole populations were founded, the shallow blueholes should possess a subset of the alleles observed in the deeper bluehole populations. The distribution of alleles does not support this pattern; 64 per cent of the populations in shallow blueholes possess unique alleles not observed in the deeper Table 3 Pairwise comparisons of population structure, geographical distance and depth between Gambusia hubbsi populations on Andros Island. (a) Geographical distance between sites below diagonal and number of migrants per generation (M) above diagonal. (b) Nei's unbiased genetic distance (D) above diagonal. Below diagonal is the depth at which the most recent common ancestor may have colonized each bluehole as they filled with water during the past 17 000 years (see Fig. 3b ). Surface-water sites (Lime Pond and London Creek) are not included in the depth analysis because the time at which the sites were created is unknown bluehole populations. It is unlikely that sampling errors account for this observation because our sample size is large.
Discussion
Relative to other species of fish, genetic structure among bluehole populations of G. hubbsi in this study is among the highest reported (F ST = 0.380.4), similar to genetic structure observed among freshwater populations in highly disjunct habitats, such as different river systems, lakes separated by significant geographical distances or geological barriers (Ward et al., 1994) , or islands (e.g. Johnson et al., 1994; Johnson & Black, 1995) . High levels of population structure reflect the low average heterozygosity and a relatively large number of low-frequency alleles unique to a single population or shared among a small number of the populations. Because of the high levels of genetic structure and lack of isolation-by-distance, the population structure observed is most closely described by an island model (Wright, 1973) , in which discrete populations receive migrants independently from a panmictic source population. However, Slatkin (1993) suggested that a pattern of isolationby-distance may not be detected by genetic data such as ours if the measurement of geographical distance among localities does not reflect actual migration routes or if historical population dynamics vary considerably among the populations.
Are geographical distances representative of migration routes?
It is unlikely that migration routes through surface water are shorter among more geographically distant blueholes. Many of the blueholes studied are geographically separated by several kilometres or more (Table 3a) , and surface water is common enough that routes between distant populations must be much longer than routes between closer populations. If underground caverns connecting blueholes exist, travel through them must be very limited. The presence of an interface between salt and freshwater, called a halocline (Mylroie & Carew, 1995) , below which the water becomes highly saline and anoxic (L. Brown unpubl. data), limits the habitability to roughly 15 m below the surface. Many of the blueholes are also such great distances from one another that it is unlikely that connecting caverns are common enough to explain the lack of isolation-by-distance observed. For example, in seven of the 16 pairwise comparisons of EW3 with other populations, M is above one, despite its relatively remote location (Table 3a) . Other comparisons between blueholes also indicate that this possibility is very unlikely.
Does age of blueholes affect patterns of genetic variation?
Geographical distance measures also do not account for the historical availability of blueholes. During the past 15 000 years, sea levels have risen more than 100 m (Boardman et al., 1989; Fairbanks, 1989; Mylroie & Carew, 1995) . Thus, at the height of the most recent glacial maximum, blueholes were dry. Subsequently they may have been colonized by G. hubbsi as they filled with water. The data were examined for an effect of bluehole depth on genetic differentiation and patterns of relationship among the populations and found no consistent support for this hypothesis. Although Cousteau's, Stalactite and Ken's blueholes, three of the deeper blueholes sampled, have significantly higher values of Nei's D (Table 3b) , the general pattern of historical divergence and depth of a bluehole is not confirmed by the phylogenetic analysis. Furthermore, there is no indi- cation that any of the blueholes are sources from which other bluehole populations have been derived. Rather, the populations appear to be 'sinks'.
Do historical population dynamics affect genetic variation?
Several theoretical and empirical studies have demonstrated that population dynamics may have a significant influence on F ST that can obscure a simple interpretation as a balance between genetic drift and gene flow (e.g. Slatkin, 1977 Slatkin, , 1993 Whitlock, 1990; Whitlock & McCauley, 1992; Nürnberger & Harrison, 1995) . Periodic extinction and recolonization events can produce markedly different allele frequencies in the face of high gene flow (Slatkin, 1977; Whitlock & McCauley, 1992) . Bottlenecks are also particularly effective in amplifying measures of F ST because the founding propagule is generated in situ rather than from a panmictic migrant pool (Slatkin, 1977; Whitlock & McCauley, 1992) . For example, Nürnberger and Harrison's (1995) markrecapture studies of whirligig beetle populations demonstrated that extinction-recolonization events inflated F ST -values of mtDNA variation in local populations. On a larger geographical scale, gene flow was high and acted as an important homogenizing force. Gaggiotti (1996) also demonstrated theoretically that local genetic structure can be profoundly influenced by stochastic migration rates among source-sink populations. Measurement of average heterozygosity may provide some insight into the potential impact of population dynamics on genetic variability (Maruyama & Fuerst, 1985; Gaggiotti, 1996) . Mean heterozygosities of G. hubbsi populations [H = 0.024 (range 0.00-0.06); Table 1 ] are below average for fish. Nevo et al. (1984) reported an average heterozygosity for 195 fish species of 0.05 in which an average of 25.97 loci per species were screened. Indeed, two species of mosquitofish from the southeastern United States (G. affinis and G. holbrookii) exhibit among the highest levels of genetic variability recorded for any fish species (Wooton et al., 1988; Smith et al., 1989; Hernandez-Martich & Smith, 1990) . For example, Hernandez-Martich & Smith (1990) reported that 37-55 per cent of surveyed loci were polymorphic, and heterozygosities ranged from 0.087 to 0.160 in a large survey of G. holbrookii populations in the south-eastern United States.
We cannot exclude the possibility that the low levels of heterozygosity in the G. hubbsi populations in our study are an ancestral state. In fact, levels of heterozygosity in two surface-water populations (Lime Pond and London Creek) are also very low, and population structure between them is high and marginally significant ( = 0.244; 95 per cent CI = 0.272 to 0.003). Thus, bluehole populations may have been derived from heterogenous surfacewater populations with low levels of heterozygosity. However, the effects of bottlenecks within blueholes can also not be excluded as a significant influence on heterozygosity. Although this effect may be less pronounced in Gambusia because multiply inseminated females (Chesser et al., 1984) sometimes colonize new habitats more often than males (Brown, 1985) , it must still be considered as a potential influence on levels of genetic variation. In fact, heterozygosity is extremely low in some populations, yet population structure is nearly twice that observed among surface-water populations, suggesting that bottlenecks may have occurred at some time in the history of many bluehole populations of G. hubbsi.
We have not yet been able to test the effects of population dynamics on genetic variation directly by measuring population size in the field because of high mortality of males during marking, a phenomenon also observed in G. affinis by Winkler (1975) . Measuring the diameter of blueholes as a rough indication of population size is not a reliable option. Nevertheless, many years of field work and observation of these fish have given us a general feel for population sizes and fluctuations. Although extinction and recolonization may occur routinely in some blueholes (e.g. we have observed West Twin Lake with no fish on one occasion and many fish on other occasions), other blueholes appear to sustain relatively constant and large population sizes of G. hubbsi (e.g. Cousteau's, Stalactite). Our experience suggests that the effects of phenomena, such as small founding events, extinction and recolonization and population bottlenecks, may differ dramatically for each bluehole. The remote location of the blueholes and sparse human populations on Andros Island make human transport of fish among the blueholes highly unlikely. However, it has not been possible to identify any clear geographical characteristics associated with 'stable' and fluctuating' populations or colonization routes. The development of marking techniques to measure population density directly and statistical techniques to estimate effective population size reliably using genetic markers may provide more insight into the relative impact of ancestral variation vs. demography on genetic variation in G. hubbsi populations inhabiting blueholes on Andros Island.
Conclusion
There was no evidence that any of the bluehole populations are sources from which other blueholes were founded. Rather, they appear to be 'sinks' into which migrants enter very rarely. Clearly, gene flow among populations of G. hubbsi in the blueholes studied on Andros Island is rare, and drift is a dominating force in determining the genetic structure of populations. This provides an environment for selection to act on phenotypes within each unique bluehole ecosystem to produce specialists. Indeed, phenotypic divergence among populations of G. hubbsi on Andros Island is extreme, higher than reported among any Poeciliid (unpubl. data; Brown & Downhower, 1993) . The degree to which migration into blueholes and population dynamics may affect the rate and action of selection within populations will be a profitable line of future research.
